Glucose-6-phosphate dehydrogenase (Zwischerfferment) and 6-phosphogluconate dehydrogenase, first studied in y e a s t by Warburg and his coworkers (1, 2), have since been found in a number of cells and tissues. These have received extensive study because they provide a pathway for formation of pentose phosphate from hexose phosphate and because of the possibility that oxidation of glucose-6-phosphate by this means may provide energy for function. (See references 3--6.)
hydrogenase) and barium fmctose-6-phosphate; Schwarz Laboratories, diphosphopyridine nucleotide (DPN), 65 per cent purity (manufacturer's value) and magnesium fructose-1,6-diphosphate.
Barium 6-phosphogluconate was prepared by one of the authors (M. E. K.) from glucose-6-phosphate according to the bromine oxidation method (11, 12) . Aliquots were converted to the sodium salt by suspension in water and addition of sodium sulfate. Solutions (0.01 5) of the sodium salt were titrated over the range pH 2-10; two acid groups were present, one with pK' about 3.4 (carboxyl), one with pK' about 6.7 (phosphate pK'2); the two groups were present in equal amount corresponding to approximately 95 per cent of that expected for the monobarium salt of phosphogluconic acid. No residual glucose-6-phosphate was revealed by test with a sample of yeast Zwischenferment free from phosphogluconate dehydrogenase, and the reducing power toward the Nelson copper reagent was negligible.
Protein was determined according to Lowry e/al. (13) and pentose according to Mejbaum (14) with arabinose as standard and a 40 minute heating period.
Enzymatic reduction of TPN or DPN was followed at 340 m# in the Beckman spectrophotometer with silica cells of 1.0 cm. light-path; for all calculations the extinction coefficient for the reduced triphospho-and diphosphopyridine nucleotides was taken to be 6.22 X 106 cm. 2 per mole (15) . The initial temperature of the reaction mixture was adjusted to 19°C., and the temperature again measured after completion of the measurement; the average temperature is recorded with the data.
Preliminary experiments with the egg fractions were made to establish the range in which reduction was proportional to the concentration of egg fraction, i.e. enzyme; all rate measurements were made under such conditions. Each spectrophotometric run was initiated by addition of substrate at zero time; readings were taken successively at 10 seconds, 1 minute, 2 minutes, and appropriate further intervals. The values for extinction were extrapolated to zero time; the calculations of rate were based on the average per minute change in extinction for the 2 minutes following addition of substrate, during which the course of the reaction was in general rectilinear with time under the conditions chosen. (10) , with glucose-6-phosphate as substrate and about 40 to 60 per cent of this amount with 6-phosphogluconate as substrate. The amount of activity toward glucose-6-phosphate did not change significantly upon fertilization. About 95 per cent of the activity was found in the supernatant fraction, after centrifuging at 20,000 g ( Table I ).
Experimen~ Results

Glucose
Relat6m of Activity to Substrate Concentration.--The reduction of TPN was
measured with varying concentrations of glucose-6-phosphate or 6-phosphogluconate ( Figs. 1 and 2) . Each of the crude enzymes in the superuatant fraction was half saturated when its substrate was 0.00004 ~r. The half-satu-ration value for 6-phosphogluconate dehydrogenase of yeast is 0.00005 x~ (16) ; for glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase of E. coli the values are 0.0003 ~ and 0.00003 ~, respectively (4) .
Pentose Formation.--Pentose was formed during oxidation of glucose-6-phosphate by TPN (Table II) . Whether or not the intermediates in this oxidation (17) found an increase in pentose upon incubation of cytolysates of Echinocardium eggs with hexose monophosphate or phosphogluconate; no TPN was added. Cohen (18) observed that extracts of Chaaoptcms eggs could form in 10 hours an amount of pentose from glucose-6-phosphate equal to all the ribose initially present in the egg ribonucleic acid. Table I and Fig. 1 .
TABLE LI
Formation of Pentose during Reduction of TPN by Supernatant Fraction from Arbacia Eggs
The initial concentrations of the components of the reaction system, in moles per liter, were: MgCli, 0.03; glycylglycine, 0.025; KC1, 0.08; glucose-6-phosphate, 0.000063; TPN, 0.00007. The total volume was 2.87 ml.; egg fraction, 0.1 ml. from 0.02 ml. eggs; pH 7.4; temperature, 25°C. The reaction was initiated by addition of substrate, allowed to proceed 10 minutes, and terminated by addition of 1 ml. 20 per cent trichloroacetic acid. Pentose formation was estimated (14) as the difference between that in this incubated sample and that in an identical non-incubated sample. For preparation of su 3ernatant fraction, see Methods. (Fig. 3) . Thus, either aldolase or oxidizing enzyme, or both, are in very low concentration in unfertilized and fertilized Arbacia eggs.
The presence of certain other enzymes of the glycolytic cycle is indicated by the following experiments, in which the TPN reduction ensuing after Table I. conversion of the various substrates to glucose-6-phosphate 2 was measured (Fig. 3) ; the substrates tested, with the enzyme specifically indicated to be present by each test, were as follows: glucose-l-phosphate, phosphoglucomutase; fructose-6-phosphate, hexose isomerase; 3 fructose-l,6-diphosphate, a fructose-l,6-diphosphatase.
1 In yeast and most animal cells fructose diphosphate is split into two triose phosphate moieties by aldolase; one of these, phosphoglyceraldehyde, is oxidized by its dehydrogenase (Warburg's oxidizing enzyme) with concomitant reduction of DPN (see reference 19) . The test as here employed measures the rate of the slower of these two enzymatic reactions in the egg extracts.
Enzymes for direct oxidation of each of these substrates are not excluded. Until these are demonstrated, the present results are interpreted in terms of the enzymes of the currently accepted Embden-Meyerhof-Warburg-Cori scheme (3).
Inhibition of Glucose-6-Phosphate Dehydrogenase by Substituted Phenols.--Dinitro-, dihalo-, or trihalophenols reversibly suppress cleavage of Arbacia eggs at very low concentrations (21, 22) ; there is a close parallel between the ability of a series of these agents to suppress cleavage and to inhibit oxidative phosphorylation by a particulate enzyme system from the eggs (23) . Since the glucose-6-phosphate of yeast (Zwischenferment) has been found to be one of a limited number of soluble enzymes sensitive to these agents (24) , it was of interest to test the effect of 2,4,5-trichlorophenoP on oxidation of glucose-6-phosphate by Arbacia extracts. The glucose-6-phosphate dehydrogenase in the 
) Fractions from Unfertilized or Fertilized Arbacia Eggs by 2,4,5-Trichloropkenol
The experimental conditions were the same as those described in Table I ( (Table HI) ; this concentration is somewhat larger than the 1 X 10-5 ~¢ required to inhibit cleavage or oxidative phosphorylation at the same pH (23) .
DISCUSSION
The present experiments demonstrate that the eggs of Arbacia contain gincose-5-phosphate dehydrogenase and phosphogluconate dehydrogenase in substantial concentrations; the presence of these enzymes in eggs of European echinoderms had previously been postulated on the basis of less direct evidence (17, 25, 25) . It is of interest to attempt to appraise the significance of these enzymes for the over-all oxidative metabolism of the eggs and for formation of the pentose required for ribonucleic acid synthesis.
The rate of glucose-6-phosphate oxidation v/a TPN is sufficient to account for an oxygen consumption of 1700 c.mm. per hour per gin. eggs, wet weight; the actual oxygen consumption of fertilized eggs is 310 and of unfertilized eggs 70 c.mm. per hour per gm. eggs, wet weight (see (7)). Thus, there is enough glucose-6-phosphate dehydrogenase to support a rate of oxygen consumption almost 6 times that observed for the fertilized, and 24 times that observed for the unfertilized, eggs. The amount of this enzyme in Arba~ia eggs is as high as that in any mammalian tissue except lactating mammary gland (6) .
Further, the glucose-6-phosphate-TPN pathway is in great excess relative to the pathway by which glucose-6-phosphate may be converted directly to lactic acid: DPN reduction, with fructose-l,6-diphosphate added to the system, 1 proceeds at a rate approximately 5 per cent of that for TPN reduction by glucose-6-phosphate; this rate of DPN reduction could account for only about one-third of the oxygen consumption of the fertilized eggs. That the glycolytic system is also of low activity in the intact eggs is demonstrated by the fact that Arbacia eggs form only very limited amounts of lactate under either aerobic or anaerobic conditions (see references 10 and 27), although they contain preformed lactate as they are shed from the ovaries (28) . Thus, the evidence presently available suggests that the glucose-6-phosphate dehydrogenase system may be the major pathway for utilization of carbohydrate in Arb~ia eggs.
The degree to which carbohydrate oxidation actually supplies energy for development is not yet clear. Hutchens et al. (10) found that storage carbohydrate of Arba~Ca eggs was consumed during development, especially 8 hours or more after fertilization, but the coupling of this carbohydrate consumption with energy trapping has not been demonstrated. Hutchens et al. also offered evidence that protein was oxidized during development. Later, Keltch el al. (8) showed that oxidation of ~x-ketoglutarate or of oxalacetate by a particulate system from the eggs was coupled with phosphorylation. At the moment, therefore, there is evidence that developing Arbacla eggs may depend in part upon carbohydrate oxidation, for which the glucose-6-phosphate oxidation by TPN is quantitatively the major pathway, and in part upon amino acid oxidation r/a oxalacetate, a-ketoglutarate, and the tricarboxylic acid cycle. The contribution of fat oxidation has yet to be explored.
It is possible that other echinoderm eggs utilize the glycolytic pathway to a greater degree than Arbac/a eggs (29, 30) but, as quantitative estimates of the relative activities of the glucose-6-phosphate-TPN and the glycolytic pathways have not been made in those eggs, this question is open.
The observed rate of pentose formation from glucose-6-phosphate was approximately 6 X 10 -9 moles per minute per 0.02 ml. (95,000) eggs, or 0.6 X 10 -1~ moles per minute per egg. If each egg contains 6 X 10 -I2 moles ribose of
